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Abstract 
In this contribution a classification of recombination active defects in multicrystalline silicon solar cells is introduced. 
On a macroscopic scale the classification is performed by using forward and reversed biased electroluminescence 
imaging (EL / ReBEL) and imaging of sub-band defect luminescence (ELsub). The luminescence behavior due to 
structural defects already present in the wafer can be divided into two groups based on their recombination and 
prebreakdown behavior. As a first step towards a more detailed analysis of the cause for these differences, the 
classification was also performed on microscopic scale. For this ReBEL and ELsub was performed under an optical 
microscope (µReBEL / µELsub) and EL was replaced by Electron Beam Induced Current (EBIC). The defect types 
observed on a macroscopic scale could also be observed on a microscopic scale; however, a third defect type had to 
be introduced. Finally we propose a qualitative model for the different classified types of recombination active defect 
structures that can explain the observed recombination and prebreakdown behavior. 
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1. Introduction 
Currently, the main challenge of the photovoltaic industry is to reduce the cost per watt peak. A 
considerable way is to use multicrystalline (mc-Si) silicon wafer made from electronic grade (poly-Si) or 
upgraded metallurgical grade (umg-Si) silicon feedstock. However, the solar cell efficiency of solar cells 
made of mc-Si wafers is lower compared to solar cells made from monocrystalline silicon wafers. A 
major reason for this is the presence of different recombination active defect structures in multicrystalline 
materials. For a thorough analysis of these defects, it is necessary to classify these defect structures to 
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voltage [V]Fig. 1: Reverse I-V characteristic of a 
multicrystalline silicon solar cell. The 
I-V characteristic can be separated into 
three different voltage regimes 
depending on their current-voltage 
behaviour. 
investigate the causes and mechanism of each class. 
Loss mechanisms in multicrystalline (mc) solar cells made from poly-Si feedstock were recently analyzed 
by Bothe et al. [1] and Schubert et al. [2]. By using forward biased electroluminescence (EL), reverse 
biased electroluminescence (ReBEL) and the EL of the defect related radiative luminescence (ELsub) two 
different regions were distinguished. Based on this procedure we introduce a classification of 
recombination active defect structures on a macroscopic scale. An analogues classification was performed 
on a microscopic scale by using more advanced electroluminescence methods. This classification 
provides a basis for a more thorough analysis of these defects. 
2. Basis for introducing the defect classification 
2.1. Experimental Methods 
The samples analyzed are standard screen printed mc-Si solar cells made from umg-Si and poly-Si 
feedstock produced in an industrial production line. 
Spectrally integrated, spatially resolved electroluminescence (EL) images were acquired at room 
temperature using a camera with a Si or an InGaAs charge coupled device (CCD) camera in order to 
detect band-to-band and sub-band defect luminescence respectively. For investigations on a micrometer 
scale the corresponding CCD camera was mounted onto an optical microscope. The electron beam 
induced current (EBIC) measurements were acquired by means of a Hitachi SU70 REM equipped with a 
point electronic EBIC system. 
2.2. Detection of defects with different types of recombination activity 
An established method to localize the lateral distribution of recombination active defects is the forward 
biased EL imaging [18] giving an image of the band to band luminescence, where highly recombination 
active regions appear as dark regions (cf. Fig. 3a). By replacing the Si CCD by an InGaAs CCD 
(equipped with a 1450 nm filter to filter out the band-to-band luminescence) an image of the defect 
luminescence (ELsub) between 0,72-0,85 eV [19] can be obtained (cf. Fig. 3b). Here regions with a high 
defect luminescence appear as bright regions. 
2.3. Detection of defects with different prebreakdown behavior  
Solar cells in modules are reverse biased when they are shaded [3]. An ideal p-n junction with a net 
doping concentration of about 1016 cm-3 would exhibit a breakdown voltage Ur beyond 60 V [4]. In mc-Si 
solar cells the breakdown occurs often already at 10 - 15 V, which is related the so called prebreakdown 
behaviour that can have different reasons. Fig 1 shows a typical reverse I-V characteristic of a mc-Si solar 
cell. The reverse I-V characteristic can be separated into three different voltage regimes depending on 
their current-voltage behaviour [5-7], marked in Fig. 1 with three different colours. The voltages of these 
regions depend on the base doping [17]. Prebreakdown sites emit 
light under reverse bias which makes it possible to locate the 
positions of prebreakdown sites with high spatial resolution [8]. The 
origin of this luminescence is still under debate, however [9]. 
Voltage regime I is dominated by ohmic shunts and prebreakdown 
sites of type I. Both ohmic shunts and prebreakdown of type I are not 
correlated to crystal defects and are therefore not discussed in this 
paper [10, 11].  
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Fig. 2: ReBEL image of the three different voltage regimes. Regions showing 
prebreakdown behaviour are visible as bright spots. 
Figure 2b shows the lateral 
distribution of prebreakdown sites 
in voltage regime II. This type of 
prebreakdown (“type II”) always 
correlates to positions with high 
recombination activity. The reason 
and mechanism of type II 
prebreakdown sites are currently 
discussed [1, 12, 13]. Most likely, 
this breakdown type is due to 
tunnelling processes over defect 
levels lying in the band gap [14].  
By increasing the reverse voltage to voltage regime III additional regions showing breakdown 
behaviour appear (Fig. 2c). This breakdown (“type III”) is explained by a field enhancement at curved p-n 
junctions caused by etches pits [15] or diffusion processes at crystal defects. It causes a steep slope in the 
I-V characteristic and can be explained by an avalanche breakdown process.  
It shall only be mentioned here that the discussed prebreakdown types can be found in all mc-Si solar 
cells, independent of the feedstock (poly-Si or umg-Si) used. The prebreakdown mechanisms for mc-Si 
solar cells made from Siemens poly-Si and umg-Si feedstock are identical and the lower breakdown 
voltage sometimes observed for umg-Si solar cells can be explained  by the higher net doping only [16, 
17]. 
3. Classification of recombination active defect structures  
3.1. Classification of recombination active defects on a macroscopic scale 
We will now introduce a classification of recombination active defects on a macroscopic scale. By 
considering the breakdown and recombination behaviour of structural defects two different regions can be 
distinguished [1,2]. In Fig. 3 the band-to-band luminescence (forward biased EL) (a), the defect 
luminescence (ELsub) (b) and the prebreakdown sites (ReBEL) at voltage regime II (c) and voltage 
regime III (d) are shown. Two regions of defect structures showing different behaviour can be separated, 
marked with violet rectangle (denoted in the following as type A) and orange rectangle (denoted as type 
B).  
Type A defect structures show  
o very low band-to-band luminescence (Fig. 3a),  
o low defect luminescence (Fig. 3b) 
o prebreakdown behaviour already at voltage regime II (Fig. 3c).  
Type B defect structures show  
o reduced band-to-band luminescence (Fig. 3a),  
o high intensity of defect luminescence (Fig. 3b) .  
o prebreakdown behaviour in voltage regime III (Fig. 3d).  
Therefore it is already on a macroscopic scale possible to distinguish clearly between two different 
types (type A and B) of recombination active defect structures. 
Figure 3: Forward biased EL (a), ELsub (b), ReBEL at voltage regime II (c) and voltage regime III (d). Based on these results 
two different Types of recombination active defect structures can distinguished. 
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Figure 4: (a) EBIC investigation of a recombination active defect structure. (b) µ-
ReBEL investigation if a defect structure having prebreakdown behaviour. (c) µ -
ELsub investigation of a defect structure showing defect luminescence. 
Figure 5: (a),(d) EBIC investigation of recombination active defect structures 
(b),(e) µ-ReBEL investigation showing prebreakdown behaviour of Type II (c),(f) 
µ-ELsub investigation showing defect related luminescence. 
3.2. Classification of recombination active defects on a microscopic scale 
In order to recover these 
defect types on microscopic 
scale, we replace the methods 
for the macroscopic 
classification by equivalent 
advanced methods to 
investigate the same properties. 
The forward biased EL is 
replaced by electron beam 
induced current (EBIC) [20] 
measurements to investigate 
the recombination activity (see 
as example Fig. 4a). Recombination active defect structures are visible in EBIC as dark contrast with high 
spatial resolution. The positions of prebreakdown sites were localized applying ReBEL under an optical 
microscope (µ-ReBEL – see Fig. 4b) [8]. Here, prebreakdown sites are visible as small bright spots and 
can be clearly correlated with structural defects. To investigate the lateral distribution of the defect related 
luminescence on a microscopic scale we equipped an optical microscope with an InGaAs CCD array and 
a 1450 nm filter (µ-ELsub – see Fig 4c). The defect luminescence can be identified on a microscopic 
scale as bright contrast with superior spatial resolution. 
An investigation of small samples taken out of the regions type A and B investigated on macroscopic 
scale gave the following results: Type A defect structures can be recovered having the identical 
properties, i.e. showing strong recombination activity (Fig. 5a), prebreakdown behaviour in voltage 
regime II (Fig 5b) and no defect luminescence (Fig 5c). Also type B defect structures are found again 
(marked with an orange line in 
Fig. 5d-f), which show a high 
recombination activity (Fig. 5d), 
no breakdown behaviour in 
voltage region II (Fig. 5f) 
(prebreakdown in voltage regime 
III not shown here) and high 
defect luminescence (Fig. 5e). 
Additionally, defect luminescence 
has only been observed at grain 
boundaries consistent to the 
observations of Dreckschmidt et 
al. [21]. However, also 
recombination active defects 
(called type C) not belonging to 
type A or B can be observed 
(green line) showing 
recombination activity in EBIC, 
but no prebreakdown type II or 
defect luminescence at all. 
 
 
 
40µm 100µm50µm(a) (b) (c)
EBIC µ-ReBEL (regime II) µ-Elsub
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Figure 6: Scheme of the possible recombination process at defect 
Type A (radiative and non-radiative) (a) and defect Type B (b) 
defect structure. 
4. Discussion 
Based on the obtained results following 
simplified models describing the 
recombination process at type A and type B 
defect structures can be proposed. These 
simple models are shown schematically in Fig. 
6a and b respectively.  
It is assumed that at type A defect structures 
the recombination takes place via numerous 
defect levels in the band gap leading to a high 
recombination probability justifying a low 
band-to-band luminescence. The spectral 
distribution of the recombination via the 
numerous defects can be not detected by the 
InGaAs CCD leading to a low intensity of the defect luminescence. Furthermore, the high amount of 
defect levels also explains the type II prebreakdown in voltage regime II since the tunneling probability 
increases with numerous defect levels in the band gap. The tunneling mechanism responsible for 
prebreakdown in type A regions can be clearly identified by temperature dependent I-V characteristics in 
voltage regime II (not shown here). Therefore the same defect levels responsible for the recombination 
process are also responsible for the prebreakdown of type II. Further, type A defect structures show a 
detrimental impact on the overall efficiency of about 20% relative to a region having low defect density 
making type A defect to the most important one. 
For type B defects we propose a recombination process over few defect levels, schematically shown in 
Fig. 6b. The band-to-band luminescence is reduced due to an increase of radiative recombination via this 
defect level, which can be detected by ELsub justifying the high intensity of defect luminescence. No 
prebreakdown is observed in voltage regime II. The prebreakdown in voltage region III can be explained 
independent of the defect level by a geometrical curvature of the p-n junction. The detrimental impact on 
the overall efficiency is lower compared to type A defect structures hence the type A defect structures are 
in the firs step the most important ones. 
For type C no model can be suggested since the measurements used give no indication to the 
recombination process. 
 
On a microscopic scale type A defect structures show a low defect luminescence. Also type B defect 
structures show less sites with type II prebreakdown. Therefore we believe that the defect types are a little 
bit mixed but with different densities which is also assumed by Bothe et al. [1]. In contrast to this on a 
microscopic scale no grain boundaries having mixed properties of type A and B (cf. Fig. 5). Therefore, 
type A and B defect structures seem to be clearly separated. Further, it is most likely that a further 
separation of the defect classes by means of further methods (e.g. electron back scatter diffraction – 
EBSD) is needed. However the current classification is a good basis for further investigations. 
5. Summary 
In this contribution a classification of recombination active defects in multicrystalline silicon solar 
cells based on their local electronic properties is introduced. On a macroscopic scale the classification is 
performed by using forward and reversed biased electroluminescence imaging (EL/ReBEL) and imaging 
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of sub-band defect luminescence (ELsub). The luminescence behavior due to structural defects already 
present in the wafer can be divided into two groups (type A and B). Type A defect structures show (i) 
very low band-to-band luminescence, (ii) low defect luminescence and (iii) prebreakdown behavior 
already at voltage regime II. In contrast to this type B defect structures show (i) reduced band-to-band 
luminescence, (ii) high intensity of defect luminescence and (iii) prebreakdown behavior in voltage 
regime III. A simplified model explaining the observed recombination and prebreakdown behavior is 
discussed. The physical explanation is similar and depending on a varying number of defect levels in the 
band gap. 
It could be shown that the same classification scheme can be transferred to the microscopic scale 
allowing to classify every grain boundary separately. For this ReBEL and ELsub was performed under an 
optical microscope (µReBel/µELsub) and EL was replaced by Electron Beam Induced Current (EBIC). 
The defect types A and B observed on a macroscopic scale could also be observed on a microscopic scale 
having similar properties; however, a third defect type C had to be introduced. The presented 
classification is intended to establish the basis for a detailed understanding of electronic and structural 
properties of dominating defects. Refined models of defect structures and recombination processes will 
lead to an improved defect engineering in solar cells. 
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